Gels provide important intermediates and end products in the manufacture of commercial polymers such as rubbers or glues. Gels are also used as absorbents in disposable diapers, filters for water purification, packings in chromatography and as contact lenses or pharmaceutical products (2, 3, 4) .
Despite considerable progress in gel technology over the past twenty years (3, 5) , fundamental understanding of gel properties is far from complete. Toward ~nO"eased understanding, we require information about how gel micro-structure .
is related to gel composition. Such information is useful for efficient design of new gels to achieve specific applications.
Although particular pores do not exist in gels and although the real gel structure is determined by local differences in the network density, an apparent pore-size distribution can be regarded as an index of the pore structure. The m~in concern of previous work, e.g, Warren et al. (6) , has been with commercially available and highly cross-linked gels. Only very few systematic data are available on the -" influence of gel composition on pore structure.
Determining the pore structure of a swollen gel is a difficult task because that structure is highly sensitive to the strong interactions between the gel matrix and the surrounding solution. Common methods such as mercury porosimetry or nitrogen adsorption (7) ,are not suitable for measuring, gel micro-structure because hydrogels are swollen in an aqueous solution and therefore the pores are not accessible to mercury or nitrogen. The results presented here were measured by an indirect method ba'sed on the mixed-solute-exclusion (MSE) method introduced by Kuga (8, 9) .
Using the MSE method, stock solutions of probe solutes at known concentration (which cover a substantial range of molecular weight) are brought into contact with the hydrogel. Due to the difference between solute size and pore size, some of the solutes can migrate into the gel, while others cannot. The difference in solute concentration between the stock solution and the equilibrated solution surrounding the. gels is measured by gel-permeation chromatography (GPC). The decrease in solute concentration relative to the initial stock-solute concentration is used for calculating the gel's pore-size distribution.
To maximize the size-exclusion effect relative to the molecular attraction/repulsion effect, experiments were performed with solutes that do not have specific interactions with the charged polymer matrix. To investigate the influence of different probe solutes, two solute series, a poly-(ethylene glycol)/poly-(ethylene oxide) series and a Dextran/ oligo-saccarides seri~s, were used in separate experiments. Our measurements were made with polyelectrolyte gels polymerized from acrylamide, the cationic comonomer MAPTAC and BIS as cross-linker, as discussed later. Polyacrylamide hydrogels are of particular interest both as a model system and due to applications as media for separation processes.
The composition of the hydrogel is determined by three concentration parameters:
% T = mass of all monomers (g) x 100 volume of water (ml) \ %T is an jndex for the concentration of physi~al entanglements of polymer strands. A higher % T implies a more rigid and dense gel. The swelling capacities were measured in pure water and at different ionic strengths of the surrounding solution, which varied from 10-3 to la-1 M NaN3.
Sodium azide (NaN3) also served as an antibacterial agent preventing the destruction of solutes and gels by bacteria (11) .
Theoretical Basis for the Determination of an Effective Pore-Size
Distribution
The method used to obtain the pore-size distribution of hydrogels is based on the mixed-solute-exclusion (MSE) method (8) modified by Kremer (11) . The MSE method studies the distribution of a series of probe solutes between the gel and the surrounding solution. The decrease of each solute concentration relative to its initial stock-solution concentration is used for ca1c~lating the gel's pore-size qistribution. To obtain concentration changes for all probe solutes, the mixture must be separated by size-exclusion chromatography prior to concentration measurements. The method is summarized below. Further details are given elsewhere (11, 12) .
The initial total mass of the gel samples (m' GS) in the swollen state is composed ot the cross-linked polymer network (mpN), the imbibed liquid (m'L,imb) and the excess liquid (mL,exd which adheres to the surface of the gel but does not contribute to the imbibed liquid:
Contacting the stock solution with the gel samples results in an initial uneven distribution of pore solutes in the entire system. Due to the porous structure of the gel, the equilibrium concentration of the solutes in the gel phase is smaller ..
than that in the surrounding solution. This difference provides a driving force for the imbibed liquid to dilute the solution to achieve osmotic equilibrium.
Therefore swelling of the gel in equilibrium with the probe solution gives:
. (2) . The amount of liquid imbibed by the, hydrogel can be divided into an accessible
(mil aeC<MW» and a non-accessible fraction (m" non-aee(MW» to solutes of molecular weight MW:
The difference between the initial imbibed liquid (m'L,imb) and the imbibed liquid in equilibrium (m"L,imb) with the solute solution represents the expelled
At the beginning of the experiment, the weight fraction of a probe solute of molecular weight MW (mp(MW» changes because the excess liquid (mL,exC>, the expelled liquid (Inexp) and the accessible part of the imbibed liquid (mil aee(MW» contribute to a dilution of the surrounding solution. The initial weight fraction w'(MW) is given by:
where ms is the mass of solvent. When the gel is added to the solution, the weight fraction w" (MW) becomes:
w"(MW) = mp(MW) ms + m"acc(MW) + m exp + mL,exc + LmP(MW) (6) .
The dilution ratio is the equilibrium concentration divided by the stock concentration, which can be expressed simply by ignoring the mass of the probe solutes in the solution (L mp(MW) -0):
Combination of Eq. (7) -with Eqs.
(1) -(4) yields the non-accessible mass:
The dilution ratio w"(MW To convert molecular weightMW into a solute radius, the hydrodynamic volume has widely been accepted as a general size parameter in size-exclusion chromatography (SEC) (7) . The experime~tally determined relationships between molecular weight MW and hydrodynamic radius rH of the solutes in water are given in the following equations (7) 
. (10)
Using Eqs. (9) - (11) , m"non-acc(MW) can be converted into m"non-acc(IH), which is interpreted as the cumulative pore-size,distribution of the gel sample (8) .
We define the distribution coefficient K(r) as the ratio of the accessible volume (V ace> of imbibed liquid for a solute of radius r to the total volume of imbibed liquid and using the assumption earlier mentioned:
The accessible mass (macc(r» and the total mass of imbibed liquid (mtotal) are defined by:
Combination of Eqs. (12) - (14) yields:
IDnon-acc,oo (14):
1t 2 n=O (2n+l)2 (16) Although this model does not directly correspond to the real structure of hydrogels, Eq. (16) with r = rH (the hydrOdynamic radius) was chosen to consider the wall effect in this work because it shows good agreement with experimentally determined distribution coefficients for porous glasses with a narrow pore-size distributiot:\ (11) where Kexper(r) and K(r) are almost identical.
The differential pore-size distribution, denoted by feR), is defined so that feR) dR represents the fraction of the total pore volume containing pores with radii between Rand R +dR.
. To obtain the differential pore-size distribution from the experimental data obtained here, we must solve for f(R) using the equation:
The "left-hand side of Eq. (17) represents the measured overall distribution coefficient K(r) as a function of molecular radius r. The right-hand side consists of the differential distribution coefficient K(R,r) as a function of rand R and the Water for synthesis and for swelling measurements was distilled and filtered " through a Barnstead Nanopure II System (Bar~stead/Thermolyne,Dubuque, IW) before use.
Gel Synthesis
The gels were synthesized using the method described by Baker et al. (10, 19~. The gels were prepared by free-radical solution copolymerization of AAm and MAPT Af2, using BIS as the cross-linker and 0.025 gAPS per 50 ml solution as initiator. Chemicals and Nanopure water were mixed in appropriate amounts and degassed for 15 minutes. The resulting solution was then poured into gel molds (two parallel glass plates with Teflon frames and a volume of 1.6x80x80 mm). Afte, an incubation period of 24 hours in a water bath at 50 oC, the gels were removed from the molds, sliced into disks (approximately 7 mm in diameter) and soaked in a 0.001 M NaN3 solution. The gels were stored at about 6 °C and rinsed several times. Four acrylamide-based hydrogels were synthesized and used for the pore-size distribution investigations;
, characterization parameters for these gels are given at the end of the Introduction.
Swelling Measurements
Before pore-size. distribution studies, it was necessary to measure the swelling capacities of the gels at varying ionic strengths of the surrounding solution.
Therefore, the four different polyelectrolyte hydrogels were put into Nanopure water and five different NaN3-solutions (0.001, 0.005, 0.01, 0.05 and 0.1 M) and allowed to swell to equilibrium at room temperature. For each kind of gel and solution, beakers with 10 gels and 50 ml solution were prepared. To prevent evaporative losses which could appreciably increase the ionic strength of the solution, the beakers containing gels and solution were sealed with Parafilm M (American National Can, Greenwich, CT). The solutions were changed at least three times. Equilibrium was reached after approximately one week; approach to equilibrium was monitored by mass measurements (using a Mettler HK 160 balance with uncertainty ± 0.0001 g, Mettler, Giessen, Germany) of the 'swollen hydrogels. Once equilibrium was attained, the swelling ratios in water and the sodium-azide solutions were determined for each hydrogel. Equilibrated gel disks were weighed, dried at room temperature and re-weighed. The swelling ratio is defined as the mass ratio of swollen hydrogel to dry hydrogel at room temperature. All swelling studies were performed in triplicate.
Pore-size distribution measurements To monitor diffusion of the solutes into the gels until equilibrium, four additional beakers were pfepared to contact the most dense gel (35 % T 0.3 %C 4.0 %M) with the largest probe solutes of each series (PEO 4,000,000 and D~xtran 2,000,000).
The surrounding solution was used each second· d'ay to measure the concentration as a function of time necessary to determine the partitioning equilibrium of the probe solutes.
After equilibrium was reached, the gels were separated from the equilibrated solution, thoroughly washed several times with Nanopure water to remove essentially all probe solutes and salt and subsequently dried and weighed to determine the mass of the polymer network and hence the swelling capacity. The Figure 1 shows the swelling capacities of the polyacrylamide-based hydrogels.
Results and Discussion
The uncertainties of measured swelling capacities were generally less than 4.5 %.
The swelling capacity rises with decreasing cross-link density (%C) and initial total monomer concentration (%1'). On the other hand, increasing charge density (%M) has stronger influence; it raises the swelling capacities enormously, especially at low salt concentration in the surrounding solution. At lower ionic strength, the concentration of bound charges· within the gel exceeds the concentration of salt in the solution and a large ion-swelling pressure causes the gel to expand. However, as the external salt concentration rises, the difference between internal and external ion.concentration decreases and the gels deswell. However, some of the data points lie in the negative range,due to the limited accuracy of the measurements, especially for smaller probe solutes. Despite the deviations of the measurements, the l,ower limit of the non-accessible volume for these two gels is independent of solute radius below about 5 A, molecules with radii smaller than 5 A are able to migrate into the entire hydrogel pore structure. In general, the deviations of the measurements using the PEO/PEG series are smaller than those using the Dextran series. But there is no significant difference in the results using either of the probe-solute series. Hence, as expected, size effects alone are responsible for the observed partitioning. Figure 6 shows the calculated pore-size distributions for all hydrogels. Table 4 gives statistical results such as mode, mean and variance. (The mode represents pore radii with the highest probability, the mean radius is the first moment and the variance is the second moment of the pore-size distribution). The gels with GPC gel-permeation chromatography K(r) integral distribution coefficient [-] K(R,r) differential distribution coefficient [-] Figure 1 Figure 3 .-s..
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